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The energy distributions of electrons of about 54, 75 and 97 Mev have been measured 
before and after passing through aluminum absorbers of thicknesses ranging from 
0.730 to 5.574 gm/cm z. The electrons were accelerated by the LINAC of the Naval 
Postgraduate School. The most probable energy losses agree with the theory of 
BLtYNCI,: and WESTr~AL for all thicknesses; the half widths of the distributions agree 
with theory except for large thicknesses, where they exceed the theoretical values. 
These results are in contrast to those of B~EU~R, which indicate systematically large 
half widths and most probable energy losses which are greater than theory for thick- 
nesses greater than about 2 gm/cm 2. Since our data agree with those of BREUER, the 
difference occurs in the treatment of the theory. 
I. Introduction 
The energy d is t r ibu t ion  of an  ini t ial ly monoenerge t ic  beam of elec- 
t rons  which  has  passed  th rough  a layer  of ma t te r  has been ca lcula ted  
by  BLUNCK and  WESTPHAL 1. Thei r  work  is based  on earl ier  theories  
by  LANDAU 2, EYGES 3, BETItE and  HEITLER 4, and  BLUNCK and  LEISE- 
GANa 5, a m o n g  others,  and  includes bo th  ion iza t ion  and  r ad ia t ion  los-  
ses. The  theory  is expected to be val id  only for  absorb ing  layers  which 
are sufficiently thin so tha t  the loss of energy is small  c o m p a r e d  to  the 
ini t ial  energy of the electrons.  The  deve lopment  of the theory  is out-  
l ined la ter  in this paper .  
A n u m b e r  of exper iments  which measure  the  energy dis t r ibut ions  of 
high energy electrons which have pene t ra ted  thin layers have been per-  
formed,  with incident  energies in the range 10 to  150 Mev.  Of pa r t i cu la r  
interest  is the work  of BREUER 6, pe r fo rmed  with the D a r m s t a d t  l inear  
* Work supported by The Foundation Program of the Office of Naval Research. 
** Present address: Major, U.S. Army, U.S. Military Academy, Dept. of Mathema- 
tics, West Point, N.Y. 
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accelerator. Our experimental results are consistent with those presented 
by him, which indicates that systematic experimental errors are probably 
not present in either experiment. 
Despite the amount of work already done, the situation is not yet 
clear enough to indicate what changes need to be made in the theory 
or with what confidence the theory can be accepted with the present 
approximations. In particular, it is not clear how rapidly the theory 
fails as the layer thickness increases and the loss of energy becomes 
appreciable compared to the incident energy. These matters are best 
investigated by comparison with experimental data. 
In this paper we present data for high energy electrons which have 
penetrated various thicknesses of aluminium, in which the energy losses 
range from about 1 70 to about 17 700 of the incident energy. We show 
that the most probable energy losses agree with the theory of BLUNCK 
and WESaWHAL, and that the half widths of the distributions agree except 
for our thickest absorber. 
We anticipate that future experiments will extend these results to 
other absorbers and thicknesses, and will suggest modifications in the 
theory which will extend its validity to absorbers of greater thickness. 
The present data suggest that the theory can be used without change for 
absorber thicknesses of up to about 3 gm/cm z, but that theory fails to 
predict the correct half width when the absorber thickness reaches about 
5 gm/cm 2. 
II. Theory 
We review here the theoretical treatments of energy loss to which 
our data are compared. In all that follows it is assumed that the energy 
loss (Q) is small compared to the initial energy (E~), and that Ei>>mc z. 
BLUNCK and WESTPHAL 1 have developed a theoretical distribution 
for the energy loss suffered by an initially monoenergetic beam of elec- 
trons which passes through a layer of absorbing material. If W(Q)dQ 
is the probability of loss between Q and Q + dQ (Mev) in the layer, and 
an amount x of the loss is by radiation and (Q-x)  by ionization, then 
Q 
W(Q) dO = j" Wz(O-x) Ws(x) dx dQ (1) 
0 
where W I and Ws are the energy loss distributions for ionization and 
radiation alone. 
1. Ionization Losses 
For Wr, the distribution of energy losses by ionization and excita- 
tion in the absorbing layer, the distribution of LANDAU 2 with extensions 
by BLtn~CK and LEISEGANG 5 is used. These authors present the distribu- 
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tion as a function of the dimensionless parameter 2 in the form: 
where 
Wx(Q)dQ=q~(2)d2= ~ c,7, 
(~, - ~,,02 
- -  e b2+'gnz d2 (2) 
The quantities introduced above are defined as follows: 
a) The constants %, 7n, and 2, are used to fit the Landau distribu- 
tion to a sum of Gaussian functions. Their values are given in Ref. 5. 
b) R is the thickness of the absorbing layer in cm. 
c) The quantity a is given in terms of the atomic weight, atomic 
number and density of the absorber, and fl(=v/c) of the electrons, by 
Z p Mev 
a =0 .154) -~z  cm (4) 
d) The quantity b 2 contains the corrections to the Landau theory 
introduced by BLUNCK and LEISE~ANG (see Ref. s). For  b 2 =0, the dis- 
tribution reduces to that given by LA~q~AU. For b 2 +- 0, the half width of 
the distribution is greater than that given by LANDAU; however, b z 
decreases with R, so that the influence of this correction becomes un- 
important for all but very thin absorbers. In the present work, the 
approximation b 2 =0  has been used to calculate the theoretical distribu- 
tions. 
e) Q is the average energy loss by ionization for electrons of incident 
energy E~. The evaluation of ~? is discussed below. 
As can be seen from Eq. (3), 2 depends directly on Q., and thus the 
width and most probable loss corresponding to the distribution ~(2) 
depend on Q. The best theoretical estimates of this quantity are those 
of STERNI-IEIMER 7-9, who has included the density effect and presents 
for aluminum 
Q = ~ -  0.074t [ 1 6 . 7 7 + 0 . 4 3 + l n E _ f l  2 
Mev 
(5) 
7. STERNHEIMER, R. M.: Phys. Rev. 88, 851 (1952). 
8. STERNHEIMER, R .  M. :  Phys. Rev. 91, 156 (1953). 
9. STERNHEIMER, R .  M . :  Phys. Rev. 103, 511 (1956). 
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where t is the absorber thickness in gm/cm 2. The various constants in 
this equation result from Sternheimer's fit of the density correction to 
the ionization potentials of CALDWELL 1~ 
For purposes of comparison with our data, we quote also Sternhei- 
mer's result for the most probable energy loss by ionization and excita- 
tion (no radiation) 9, 
Q 0074, [1677+106+1o( ) p = ~  0 074 t 
+4.21_0.0906(3_1Og~o p ]3.5~] 
(6) 
2. Radiation Losses 
For Ws, the distribution of energy losses by radiation, BLUNCK and 
WESTPHAL use 3,4 
Ws(Q) dQ = Br R Q (7) 
where 
a=(1 .40xl0_a)  pZ2 [ 4  ( 1 8 3 ]  if]  In I--Z-~- ] + cm -I  (8) 
and B is a normalizing factor. 
3. The Blunck and Westphal Distribution 
The distribution of energy losses according to BLUNCK and WEST- 
PnAL follows from putting Eqs. (7) and (2) into Eq. (1) and performing 
the integration. The results are presented graphically in Ref. 1 for values 
of 2 from - 5  to 15 and for c~R from 0 to 0.25. Separate families of cur- 
ves are presented for b 2 =0, 3, 6, and 9. These curves, along with the 
value of 2 given by Eq. (3) allow one to determine the most probable 
energy loss, Qp, and the width of the distribution for any values of 2, 
~R, and b 2, under the assumptions stated above. For our comparisons 
with theory we have used these curves, with corrections for the finite 
energy width of the incident beam of electrons. 
III. Experiment 
Electrons accelerated by the LINAC of the Naval Postgraduate 
School to energies of about 54 to 97 Mev were elastically scattered at 
90 ~ from a thin (0.076 mm) scattering foil. The energy distribution of 
10. CALDWELL, D. O." Phys. Rev. 100, 291 (1955). 
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Fig. 1. Experimental arrangement (top view) 
the scattered beam of electrons was measured before and after passing 
through aluminum absorbers of various thicknesses by a 120 ~ magnetic 
spectrometer described by KENASTON, LUKE and So~r 11. Fig. 1 shows 
the experimental arrangement. Data  concerning the absorbers are given 
in Table 1. 
Table 1. Absorber characteristics 
R(cm) t(gm/cm 2) aR(Mev) eR(Mev) b 2 
0.274 0.730 0.0542 0.0379 0.36 
0.542 1.441 0.1070 0.0748 0.18 
0.807 2.146 0.1593 0.1114 0.12 
1.075 2.859 0.2123 0.1484 0.09 
2.095 5.574 0.4139 0.2903 0.05 
The energy and resolution of the electron beam are determined by 
the deflection system, which consists of two 30 ~ deflection magnets, a 
slit system located between the magnets and two quadrupole doublets. 
Various thicknesses of absorber were placed in the path of the 
scattered beam by a remotely controlled device. In this way it was pos- 
sible to change absorbers without turning off the accelerator and thus 
possibly changing the character of the incident beam. The distance from 
11. KENASTON, G. W., C. T. LUKE, JR., and W. C. SONES: (MS Thesis) U.S. Naval 
Postgraduate School (1965). (Unpublished.) 
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the beam line to the absorbers was maintained constant at about 2.2 cm 
for all absorbers; the distance from absorbers to the spectrometer entrance 
window was about 30 cm. Earlier experiments by MmLER 12 showed that 
the measured half widths of the distributions are seriously increased if 
the distance from the beam center line to the absorbers is not kept as 
small as possible. 
The data represent the number of electrons detected by a coincidence 
counting system located at the exit of the 120 ~ spectrometer. The energy 
resolution of the spectrometer was about 0.3 700. The integrated current 
from the downstream Secondary Emission Monitor (Fig. 1) served as a 
standard for normalization; each data point corresponds to a certain 
integrated current, and thus to a certain number of electrons incident 
on the scattering foil. Counting rates were corrected on the basis of 
experimental trials of the counting system. These corrections were never 
large enough to cause significant uncertainties in our data. 
In summary, the experimental points we report represent counting 
data corrected for counting losses and background, but reflecting the 
energy distribution of the scattered electron beam incident on the ab- 
sorbers. 
IV. Comparison of Experiment and Theory 
We have characterized our measurements of the energy distribution 
of a beam of electrons after passing through a layer of matter by esti- 
mates of the most probable energy loss, Qp, and the full width of the 
distributions at one-half maximum, which we designate as H W .  
Because of the energy spread of the electrons incident upon the 
various absorbers, the data are not directly comparable to the predictions 
of theory. The spread of the incident beam will clearly increase the half 
width, and because of the asymmetry of the energy losses, slightly increase 
the most probable energy loss. To account for these effects, the IBM 
360/67 computer of the Naval Postgraduate School was used to fold 
the measured incident energy distribution into the theory. The procedure 
is described in detail by MmLER 12 and by GOODWIN 13. Briefly, the 
incident beam is represented as a histogram, each bin of which repre- 
sents a monoenergetic beam of a given energy; the theoretical distribu- 
tions from each bin are added to give the resulting theoretical distribu- 
tions for the energy loss of the actual incident beam. This procedure 
is essentially the same as that suggested and used by BRPtmR. 
12. MILLER, R.D.: (MS Thesis) U.S. Naval Postgraduate School (1968). (Unpub- 
lished.) 
13. GOODWiN, J. C.: (MS Thesis) U.S. Naval Postgraduate School (1968). (Unpub- 
lished .) 
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Qp (Mev) H W (Mev) 
E i t S B W Experiment B W B W Experiment 


















0.974 1.051 1.03 __ 0.04 
1.996 2.088 2.16 ,+ 0.05 
3.036 3.172 3.18 ,+ 0.07 
4.106 4.347 4.21 __ 0.10 
8.448 9.221 9.24-+ 0.13 
0.976 1.066 1.04 ,+ 0.04 
2.000 2.094 2.18 __+ 0.05 
3.041 3.174 3.17 ,+ 0.06 
4.113 4.297 4.26-+ 0.13 
8.415 9 .142 9.32+_ 0.40 
0.977 1.082 1.17_.0.04 
2.002 2 .166 2.16,+0.06 
3.044 3.247 3.24_+ 0.07 
4.117 4 .370 4.32-+ 0.15 
0.22 0.47 0.49 ,+ 0.03 
0.46 0.75 0.75 _ 0.05 
0.78 0.99 1.02,+ 0.08 
1.08 1.35 1.32,+0.18 
3.15 3.65 4.60-+0.30 
0.22 0.59 0.51 +_ 0.03 
0.46 0.91 0.91 ,+ 0.04 
0.78 1.21 1.08 +_ 0.08 
1.08 1.61 1.38,+0.10 
3.15 4.05 5.70_+ 0.70 
0.22 0.67 0.66 +_ 0.03 
0.46 1.00 1.01 __ 0.04 
0.78 1.32 1.19+_ 0.09 
1.08 1.79 1.48 ,+ 0.13 
Our experimental results are shown in Table 2 along with various 
theoretical estimates of Qp and HW. The column headed S under Qp 
gives the most probable energy loss by ionization and excitation (no 
radiation) as calculated by Eq. (6) for a monoenergetic incident beam. 
The column headed B W gives the energy loss predicted by Ref. ~ taking 
into consideration the spread of the incident beam. We take this to be 
the best theoretical estimate of Qp. The values of the H W  shown are 
calculated from the theory of BLtrNCK and W~STPnAL with and without 
consideration of the spread of the incident beam. As can be seen, the 
incident energy distribution is quite important, particularly for thin 
absorbing layers. 
The general trends and appearance of the data are shown in Figs. 2 
to 4. In Fig. 2 the results for E~ =74.63 Mev are shown. The solid lines 
represent the theoretical energy distribution of the transmitted electrons, 
and the points represent the experimental measurements. Similar dis- 
plays result from the data at other incident energies. From details of 
curves such as this one can measure Qp (the distance between the zero 
absorber peak and the absorber peaks) and the H W  of the theoretical 
and experimental distributions. Fig. 2 is only approximate, and does 
not show all data points, but it does illustrate our procedure. Actual 
numerical values were obtained from the output of the computer pro- 
grams described by MILLER 12. In Fig. 3 we show the most probable 
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Fig. 2. Theoretical energy distributions and experimental points for Ei=74.63 Mev 
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Fig. 3. The most probable energy loss (Qp) vs. absorber thickness (t) Ei= 53.57iMev 
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Fig. 4. Halfwidths (HW) vs. absorber thickness (t) Ei= 53.51 Mev 
energy loss at 53.57 Mev as a function of layer thickness t (gm/cma). 
The experimental points agree quite well with theory. The prediction 
of STERNI-IEIMnR is also shown; note that the inclusion of radiation los- 
ses has a rather small effect on Qp. Some data points from BREt~ER are 
shown, and indicate the good agreement of our data with his results. 
(Because Breuer's data are based upon an incident beam with less energy 
spread, his results are not correctly compared to the theory we present, 
but the difference is small.) In Fig. 4 we contrast the measured half 
widths at 53.57 Mev to the predictions of theory. The Landau curve 
(no radiation) is given by HW=4aR. The inclusion of radiation into 
the theory results in the dashed curve, which also is calculated for mono- 
energetic incident electrons. The inclusion of the spread of E~ produces 
the curve labeled " B W  folded" to which we compare our data. We 
note that experiment and theory are in good agreement except for the 
thickest absorber. Some data points from BR~UER are again included 
and again show good agreement with our data. The remarks above 
concerning the difference in incident beam spread apply here also. 
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V. Discussion 
In our treatment of the theory we have made direct reference to the 
distributions presented by BLU~CK and WESTPrIAL. These give excellent 
results for Qp up to at least about 5.5 gm/cm z and for the H W  up to 
about 3 gm/cm 2. More data are needed in order to make more definite 
statements about the validity of the theory. 
Radiation losses have only a small influence on the most probable 
energy loss (although a large influence on the average energy loss), so 
that the equations of STERNHEIMER give fairly accurate estimates of Q~. 
The additional loss by radiation has been estimated by HALL 14 to be 
about 2 a R t  S Mev, where ts is the absorber thickness in radiation lengths. 
Our data indicate that this may be an underestimate (about 0.19 Mev 
for our thickest absorber). In any case, the influence of radiation losses 
on Qp is small. 
Radiation losses have a much more pronounced effect on the half 
width of the distribution. This should become increasingly important 
for thick layers and high incident energies. While our data point at 
75 Mev in the thickest absorber does show a greater H W  than that at 
54 Mev, we can not state anything conclusive about the departure from 
theory as a function of energy, but only that the measured half widths 
exceed those predicted by theory, for thick absorbers. 
A further correction to the theory can be made by including the 
lengthening of the path of the electrons in the absorbers caused by 
multiple scattering. Estimates of this effect have been made by YANG 15. 
For our work this correction is unimportant (it amounts to an increase 
in path of at most about 1%), and we have not included it. 
We conclude that present theory gives satisfactory predictions of 
both the most probable energy loss and the half width of the energy 
distribution for high energy electrons which have penetrated absorbing 
layers of up to about 3 gm/cm 2, but that more data are needed to deter- 
mine the validity of theory for thicker layers of matter. The approxima- 
tion that the energy loss is small compared to the initial energy is not 
satisfied, and it is not valid to ignore completely the effects of multiple 
scattering in the absorber. 
14. HALL, H. E., A. O. HANSON, and D. JAMNIK: Phys. Rev. 115, 633 (1959). 
15. "fANG, C. N.: Phys. Rev. 84, 599 (1951). 
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